Observations of the Pluto-Charon system using the Hubble Space Telescope are soon to provide another test of the modern Laplacian theory of solar system origin. According to this theory, Pluto, Charon and Neptune's moon Triton are condensed remnants of the gas ring which was shed by the proto-solar cloud at Neptune's orbit, and from which Neptune formed. Each body should have the same bulk chemical composition provided that the influence of secondary events such as physical collision can be neglected. Here we report a model for the time-dependent, surface-catalysed production of CH 4 , solid carbon C(s) and C0 2 within the outer layers of the proto-solar cloud. This model is used to determine the condensate mix which best fits the Voyager 2 spacecraft measurements of Triton's mean density. We suggest that Triton is a chemically homogeneous structure consisting, by mass, of 44.2% anhydrous rock, 2.1% graphite, 33.0% water ice and 20.7% dry ice (i.e., solid C0 2 ice, of which a fraction nearly 2/3 is present as the clathrate hydrate C0 2 «5.75 H 2 0). On the basis of this composition, the individual mean densities of Pluto and Charon are predicted to be 2.02 ± 0.02 g/cm 3 and 1.94 ± 0.02 g/cm 3 , respectively, assuming a mean surface temperature of 35 K. The mean density of the combined system is predicted to be 2.01 ± 0.02 g/cm 3 .
Introduction
The recent discovery of N 2 and CO ices on Pluto's surface by Owen et al. (1992) has rendered additional evidence of the similarity which exists between this minor planet and Neptune's large satellite Triton. Just six months earlier, Cruikshank et al. (1991) had detected the presence of^hese same ices on Triton, as well as that of pure C0 2 ice. This latter ice had been predicted by Prentice (1989 Prentice ( ,1990 to be a major chemical constituent of Triton, Pluto, and Pluto's moon Charon. An additional inference from the Owen et al. data, is that N 2 and CO are the two major molecular constituents of Pluto's atmosphere, ahead of CH 4 which dominates the planet's absorption spectrum. Evidence for such a molecule heavier than CH 4 had been put forward by Yelle and Lunine (1989) . Not predicted by any theoretical model, however, was the discovery that N 2 is the most abundant molecule. This appears to be the case, even though the molar proportions of CO to N 2 in the original nebular gases from which Pluto condensed are about 0.8 to 0.2, assuming solar proportions of C and N Grevesse 1989, Prentice 1992) . As it has turned out, Pluto has proved to be very much colder than expected, having a surface temperature T su .= 35 ± 5 K (Cruikshank, D.P., private communication). Earlier observations had indicated a value in the range 46-64 K , Sykes et al. 1987 , Trafton et al. 1988 . At 35 K, CO and CH 4 are mostly frozen out, so that N 2 , whose ice has the highest vapour pressure, controls the composition of the Pluto atmosphere.
In this paper I present detailed structural models of Triton, Pluto and Charon which are based on the assumption that all three bodies accreted from material having the same initial bulk chemical composition. This is the simplest stance to take, and has been adopted by many theorists (Lyttleton 1936; McKinnon 1984; Mueller 1988,1989; Simonelli et al. 1989; Prentice 1990) . It is also consistent with the Modern Laplacian theory of solar system formation (hereafter referred to as the MLT) which has been described in detail at earlier meetings of this Society and elsewhere (Prentice 1972 (Prentice , 1977 (Prentice , 1978a (Prentice , 1978b (Prentice , 1981 (Prentice , 1986 (Prentice , 1989 (Prentice , 1991a . According to the MLT, Triton, Pluto and Charon were originally condensed remnants of the circular, orbiting, gas ring which was shed by the proto-solar cloud at Neptune's orbit, and from which Neptune formed as the primary condensate. Initially sharing the same solar orbit as Neptune, Triton was captured gravitationally by the proto-Neptune and placed into a circular orbit through the action of gas drag within the proto-Neptunian envelope. This envelope had initially extended to ~ 25 R N , where R N = 24,992 km denotes Neptune's present equatorial radius (Prentice 1989) . Such a slowly dissipative process does not result in any spectacular heating event or melting of interior ices, such as would accompany dynamic capture through physical collision or tidal interaction with Neptune (McKinnon 1984 , Goldreich et al. 1989 . That is, according to the MLT, Triton is predicted to be an undifferentiated, chemically homogeneous, sample of the primitive condensate material which once existed at Neptune's orbit. It may thus be used as a reference point for making predictions about the density of Pluto and Charon. The basic physical parameters of Triton are now very well-determined as a result of the Voyager 2 encounter in 1989 (Davies et al. 1991 , Jacobson et al. 1991 , Anderson et al. 1992 . These parameters are shown in Table 1 along the with known properties of the Pluto-Charon (P-C) system. Much of the P-C data has come from a rare sequence of mutual eclipses, transits and occultations which took place between 1984 and 1990, barely a decade after Charon's discovery (Tholen and Buie 1990; Buie, Tholen and Home 1992) .
It is assumed in this paper that the P-C binary acquired its present, irregular, heliocentric orbit through a single close gravitational encounter with Neptune, after the protoNeptunian atmosphere had contracted fully onto the planet. Such a drag-free encounter can result in a substantial gravity 'assist', similar to that experienced by interplanetary (Anders and Ebihara 1982) to 0.42. This revision has meant that much less O in the nebula gases from which Pluto and Triton condensed could have been tied up as CO than was previously believed. Correspondingly, there was much more condensable H 2 0. As a consequence, many of the existing compositional models of Pluto and Triton which achieve a high mean density of 2.0 g/cm 3 , or more, through adopting a high rock mass fraction ~ 0.70-0.75, appropriate to [C/O] 0 = 0.6, can no longer be maintained Mueller 1988, 1989; Simonelli et al. 1989) .
The new lower [C/O] 0 value adds support to the C0 2 -rich models of Pluto and Triton put forward by Prentice (1990) (Grevesse et al. 1984) , it now appears that [C/O] 0 = 0.479 ±0.071
We adopt this value in this paper.
(b) Surface-catalysed reactions: a simple kinetic model Consider now the production of CH 4 , C(s) and C0 2 in the outer layers of other proto-solar cloud (PSC) where all O is initially present as CO, and H as H 2 and H 2 0. The mechanism of catalytic synthesis of methane has been widely studied in industry for gas pressures in the region of 1 bar (cf. Vanffice 1975 , Dwyer and Somorjai 1978 , Van Ho and Harriott 1980 . In the case of the PSC, however, the gas pressures in its outer layers are very much lower, typically of order 10~~7 bar in the temperature region 450-500 K where carbon chemistry is important. Much of the industrial data on reaction rates is thus inapplicable. It is necessary therefore to develop a simplified kinetic model. Following Lewis and Prinn (1980) and Norris (1980), we assume that the controlling reaction CO + 3H 2 <=»CH 4 + H 2 0 takes place through surface-catalysed reactions on metallic grains consisting chiefly of iron, nickel and cobalt. In the temperature interval 370 K < T< 700 K, 49.5% of the total iron is free, allowing for FeS formation at 700 K. Below 370 K, all of the remaining iron is converted to Fe 3 0 4 . Letting p i denote the partial pressure of gas species i, the rate of production of methane at temperature Tcan be estimated from a linearised version of the Temkin-Pyzhev equation, namely
Here k^T) and K\{T) denote the rate and equilibrium constants. k x (T) is defined in Prentice (1990) Fe, Ni and Co. The rate constant k x {T) also depends on the activation energy E a which is set equal to 15 kcal/mole (Van Ho and Harriott 1980), together with a grain radius r which is chosen to be 3 x 10~5 cm. Since carbon deposition on grain surfaces is believed to be an important intermediate step in the methanation process (Van Ho and Harriott 1980), we may adopt a rate equation for solid carbon C(s) formation which is similar to eqn.(l), namely
Here K 2 (T) is the equilibrium constant for the net reaction CO + H 2 <=HT(s) + H 2 0, /? C(s) is the equivalent partial pressure of the graphite abundance, and a c < 1 is the graphite activity (Lewis et al. 1979) . If p C(s) > 0 then a c = 1. The rate constant k x {T) is the same as in eqn.(l). Finally, owing to the relatively rapid rate of interconversion among oxidised carbon species (Fegley and Prinn 1989), we set/? c o Jp c o equal to the local equilibrium ratio. That is
where K^(T) is the equilibrium constant for the water-gas shift reaction CO + H 2 0<=HI0 2 + H 2 . To complete the system of equations, we have (4) only, p c = p Caa = 0, noting that fl p " < 1 throughout the PSC of Neptune's orbital size (Prentice 1990) . Eqn. (6) 
This condition ensures that dp c ,Jdt > 0 at time t = 0. Substituting equation (6) into (5), with a c -1, we then obtain after some integration the approximate transient solution
This solution is valid as long as p£ (f) -0-F°r l c l°s e t 0 0> pUt) -(p-fi ~ P/>2^1
? SO m a t graphite formation takes place only if condition (7) is met. For t -»•», however, P C (°°) = P , -P P 2 / B -P C H 4 ,~ Since all of the analysis above was derived on the basis that p c (°°) -0, it follows that the transient solution p£ (?) is valid only if 0 < P 1 -P P 2 / B < P C H 4 ,~ Graphite formation thus persists, then disappears, after a finite time t* given by the solution of the equation p£ (^) = 0. Expanding eqn.(8) in powers of k { t to second order, we obtain the approximate result
For t > t*, p c (t) = 0.
In summary, pure C(s) formation is a temporary phenomenon, taking place only during the early stages of contraction of the proto-solar cloud. It occurs even although the equilibrium graphite activity a Qco < 1, provided condition (9) is satisfied.
Numerical Modelling of the Proto-Solar Cloud (a) Superadiabatic density-temperature relationship
We are now in a position to calculate the chemical composition of the condensate which forms at the orbits of each of the planets. Following Prentice (1990) , the interior of the PSC is assumed to be in a state of supersonic convective equilibrium, brought about by the need to dispose of excess gravitational energy during contraction. Turbulent convective motions create a radial stress at each radius r given by < p,v t 2 > = fipGM{r)lr, where p is the local gas density, M(r) the mass interior to radius r and /? ~ 0.1 is the turbulence parameter (Prentice 1973) . Because supersonic turbulence is the central component of the MLT, the reader is referred to Prentice (1991c) and Morgan (1992) for a more complete account of this phenomenon and the difficulties which still surround its acceptance. See also Monaghan (1991) .
It is usually supposed that p and the temperature T vary adiabatically according to the law p -A [TI [i] "ad t where p. is the mean molecular weight, A is a constant and n ad is the adiabatic index, equal to 1.5 for a monatomic gas. Prentice (1991b) discovered that in order to account for the planet Mercury's remarkably high metal content (67.2% by mass of Fe-Ni-Cr-Co-V alloy), via the process of metal-silicate fractionation suggested by Lewis (1972) and Prentice (1991a) , the run of p with T must be strongly superadiabatic, with local polytropic index n = n ad -0.45. That is p=A [TAx] n , n = n ad -0.45.
In regions where H is monatomic (or ionised) n = 1.05, and where H is mostly H 2 , n = 1.887, using the modified Anders and Grevesse (1989) abundances (see section 2(a)). With this amount of superadiabaticity in the PSC, the mean density of condensate of the gas ring shed near Mercury's mean heliocentric distance achieves a maximum value of 5.30 g/cw}. This coincides with the observed uncompressed density of this planet. Choosing /? = 0.08111, the density peak occurs exactly at Mercury's mean orbit.
(b) Rate of radial contraction
The rate of radial contraction of the PSC is governed by the rate at which excess energy is radiated from the surface. Although a true Kelvin-Helmholtz equilibrium cannot be established in a turbulent, uniformly structured, cloud of near solar mass until the equatorial radius R e has shrunk to the value R K _ H = 186.2^0, taking p = 0.08111, the formation of a small compact core of stellar density at its centre will release sufficient gravitational energy to stabilise the rest of the infalling cloud at radii much larger than R K _ H (Prentice 1978b) . To achieve stability at Neptune's orbit, we need a core mass m COK -0.041MQ, for an initial cloud mass M i -1.185MQ. Such a rotating cloud loses a mass of 0.185 M & through equatorial mass shedding during its subsequent contraction to current-solar mass and size.
Once the cloud has become energetically stabilised, the radial velocity can be found from the Kelvin-Helmholtz criterion. We find
This equation may be readily integrated to give R e as a function of elapsed time t, starting from any initial size fl-.
(c) Carbon distribution in the gas rings
Once R e (t) is known, eqns. (6) and (8) can be used to compute the distribution of C in the PSC and its family of shed gas rings.
Let / C H 4 = PcnJPv fco = PccJPv etc -> denote the number of fractions of C in its various forms. These vary with depth in the cloud and depend chiefly on the local temper- .0163
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ature T and the elapsed time t since the commencement of synthesis. In the deep interior, where the rate of production of CH + and C(s) is greatest, the favoured equilibrium state of C is CO. Near the cloud surface, where T is least and the production rates are negligible, the fhermodynamicalry preferred state for C is CH 4 . The numerical calculations show that f C H 4 and f C(s) achieve local maxima close to one another and at cloud depths corresponding to temperatures lying between 440 K and 490 K, depending on the cloud size R e . For the reason discussed below, we adopt the / ( . values at cloud depth corresponding to a fixed synthesis temperature T = 465 K. Table 2 gives the values of the carbon number fractions /,. at a set of cloud radii /? which match the orbital radii of Neptune, Uranus, Saturn and Jupiter. Also given in the table is the time elapsed t(R e ) for contraction to radius R from the initial size R { = 7261.8 R 0 (see section 4), as well as the temperature and mean orbit gas pressure of the gas rings which are assumed to detach from the PSC at those radii R e . For the sake of simplicity, we assume that convective mixing completely homogenises the cool outer region of the cloud beyond the level where T = T so that the gas rings, when detached, have the same composition as the local material at temperature T . A more sophisticated treatment of the / . values is beyond the scope of this paper. The temperatures of the four gas rings at their respective moments of detachment from the PSC, starting at Neptune, are also indicated in the table.
(d) Chemical composition of the gas ring condensate
We observe from table 2 that as the cloud contracts, inwards, the proportion of C present as CH 4 increases steeply towards the limiting value of 1. The proportion of CO decreases in a corresponding manner towards zero. Pure carbon forms only at the orbits of Neptune and Uranus, and significant quantities of C0 2 also form only at these orbits. Table 3 gives the bulk chemical composition of the mean condensate which settles onto the mean orbit of each of the 4 outer gas rings. No C0 2 ice condenses out at the orbits of Jupiter and Saturn. Water ice condenses at the orbits of all the four outer planets, but achieves its highest proportion at Saturn's orbit. The temperature of the gas ring at Jupiter's orbit (158.2 K) lies only just inside the stability field of water ice (164.6 K), thus limiting the amount of this condensate which can form there (Prentice 1991a) . At Neptune's orbit, the mass fractions of the chemical constituents of the condensate are anhydrous rock 0.4422, water ice 0.3294, graphite 0.0212, clathrated C0 2 ice (present as the hydrate C0 2 »5.75 H 2 0) 0.1400, and pure C0 2 ice 0.0672. This is the predicted bulk chemical composition of Triton, Pluto and Charon, assuming that all three bodies have retained their chemical identity since condensation. The MLT predicts that none of these bodies contains any NH 3 ice since the rate of conversion of N 2 to NH 3 in the PSC is negligible. At T= 465 K, f NH3 = 2.5 x 10" 6 . That is, virtually all the N in the gas ring exists as N 2 .
Satellite Models and Discussion

(a) Triton as the calibration point
Detailed structural and evolutionary models of satellites having the chemical mix derived in section 3(d) are now constructed. We assume that each model is chemically homogeneous throughout its interior. This assumption dif- fers markedly from that of Mueller (1988, 1989) , who have assumed fully differentiated rock/water ice structures for both Triton and Pluto. Nonetheless, we feel that the present assumption of chemical homogeneity is justified, at least in the case of Triton for the reasons discussed in section 1. Since the bulk physical parameters of Triton are so well-determined, following the Voyager 2 encounter, we can safely use Triton as a reference point, both for calibrating the proposed mix of rocks and ices and for making subsequent predictions about the mean densities of Pluto and Charon.
Following Ellsworth and Schubert (1983), we assume that solid state convection acts efficiently to prevent the melting of the H 2 0 and C0 2 ices. As soon as the local temperature T(r) exceeds the critical value f creej) T m where T m is the smaller of the melting temperatures of H^O and C0 2 ice, and f creep = 0.6, convective creep takes over from conductive transfer to rid excess heat from the satellite core. Table  4 gives the present central temperature T c , central pressure p c , central H 2 0 ice phase I c , and convecting core mass fraction m core of a Triton model whose bulk physical parameters match the observed values listed in Table 1. (b) Thermal evolution of rock/ice satellites A computer program was built to determine the thermal evolution and present-day temperature distribution within a satellite after a period of 4.6 X 10 9 yr. The program uses a Crank-Nicholson scheme to solve the heat diffusion equation,
*.£-?!(-* I K
Here H{t) is the volumetric heating rate due to the decay of radioactive nuclides, p is the mean satellite density, c the mean specific heat, and 5c the average thermal conductivity. Each of p, c and K depends intimately on the bulk chemical mix of rocks and ices, and on the local temperature T(r) at radius r within the satellite.
In calculating p and c , use was made of the extensive thermophysical data which exist for H 2 0, NH 3 , CH 4 and C0 2 ices, as well as for C(s) and the rocky minerals MgSi0 3 , Mg 2 Si0 4 , MgAl 2 0 4 , Si0 2 , Fe 3 0 4 , FeS, NiS and Ca2MgSi 2 0 7 . These latter minerals make up 97% by mass of Triton's rock inventory. In the case of 5c, however, laboratory data exist for all of the above materials except FeS, NiS and CajMgSi^. Empirical formula representing the available thermophysical data were constructed and incorporated into the evolutionary computer program. For the three minerals for which no data are available we use an Eucken-type relationship, appropriate to crystalline solids, to estimate the KfT) of these species, viz. , appropriate to a silicate of density 3.5 g/cm 3 and room temperature 298.15 K, is taken from Ellsworth and Schubert (1983) .
(c) Structural models
The mean satellite density p mt has been computed with the aid of a second computer program. This program is used to determine the interior structure of a satellite of given chemical composition and temperature profile. Boundaries between all phases of water ice up to ice VIII are accurately solved for. The program also takes into account the isothermal compressibility and thermal expansion of the principal rocks and ice phases.
We observe from the table that the mean density of the Triton model coincides with the observed value. This event is the result of a deliberate choice for the initial radius of the PSC, namely R. = 7261.8 R & For this choice of R ( , the level of production of CH 4 and C(s) in the outer envelope of the cloud is such that by the time the PSC has contracted to the orbit of Neptune, the proportions of rock and ice in the condensate of the gas ring there results in a satellite of just the right density. This condensate has a mean uncompressed density of 1.7204 g/cm 3 at temperature 38 K. Figure 1 shows a plot of mean density p sat versus physical radius r m of fully evolved, chemically uniform, satellite models for the two cases of mean surface temperature, r surf = 35 K and 45 K. The positions of the nominal Charon and Pluto models, whose radii match the mutual event observations (Tholen and Buie 1990) are indicated on each curve. These particular density values are also given in Table 4 . Neither of the Pluto or Charon models remains sufficiently warm after 4.6 X 10 9 yr of radiogenic evolution to display a small convective core. A finite core remains in present day satellites of radius 1209 km, or larger, for the case T sur c = 35 K. This latter temperature is the one indicated by the Owen et al. (1992) measurements of Pluto's surface (see section 1). The small discontinuity in p sat at this radius in Figure 1 is caused by a lag between the condition The mean density of a suite of thermally evolved, chemically uniform satellites, plotted against physical radius r sat for two cases of mean surface temperature T su . The compositional mix is that of the mean condensate which forms in the gas ring shed by the contracting proto-solar cloud at Neptune's orbit. This mix yields a mean density for Triton which matches the Voyager 2 data. The shape of each density curve reflects the compression of the constituent rocks and ices due to the satellite's self gravity. The sharp change in gradient near r sat = 300 km is due to the first appearance of the dense phase II of water ice at the satellite centre. The larger, warmer, satellites possess a small convecting core. The small circles mark the predicted densities of Charon and Pluto, whose radii are given in Table 1 . The predicted densities are also enumerated in Table 4. for the onset of convective creep of ice in the thermal evolutionary computer program, which assumes a uniformly dense satellite, and the same condition applied to the satellite structure program, which allows for non-uniformity in density due to compression.
(d) Predicted densities of Pluto and Charon
From Table 4 , the individual mean densities of Pluto and Charon are predicted to be 2.02 ± 0.02 g/cm 3 and 1.94 ± 0.02 g/cm 3 assuming that each body has the same, chemically uniform, bulk composition as Triton. A 1% error is included to allow for error in the Triton data.
The predicted mean density of the combined PlutoCharon system is
where Vj, V 2 are the individual volumes of the two bodies. This value is consistent with, but slightly less than, the value 2.029 ± 0.032 g/cm 3 observed by Tholen and Buie (1990) . Perhaps the Pluto-Charon system is a little rockier and hence less icy, on average, than the composition we have proposed in this paper. It will be interesting to see what G.W. Null and colleagues find in October 1992, using the Hubble Space Telescope data.
(e) Summary
In conclusion, the modern Laplacian theory of solar system formation has been used to predict the bulk chemical composition and mean densities of Pluto and Charon, assuming that each member of this binary system condensed independently from the gas ring which was shed by the protosolar cloud (PSC) at Neptune's orbit. It is predicted that each object contains significant quantities of solid C0 2 ice and solid carbon C(s). These materials are predicted to be present in the same proportions as in Neptune's satellite Triton. This satellite was used as a reference point for these calculations. The C 0 2 and C(s) are produced through catalytic synthesis from CO and H 2 in the warm outer layers of the PSC. Solid carbon production is a transient phenomenon. It persists only for the first 30,000 yr of the PSCs existence, as the cloud contracts gravitationally through the region of the present orbits of Uranus and Neptune.
The predictions for the mean densities of Pluto and Charon, namely 2.02 ± 0.02 g/cm 3 and 1.94 ± 0.02 g/cm 3 respectively, were made on the basis of the assumption that these bodies are primitive condensates of the proto-solar gas ring which was shed at Neptune's orbit. That is, the influence of secondary events, such as a close dynamical interaction or collision between two precursor objects which may have led to the present system, have been ignored. In any event, the predicted mean density of the combined Pluto-Charon system, namely 2.01 ± 0.02 g/cm 3 , should be very nearly the same as that of the precursor system of primitive condensate, provided that no significant loss of the icy component from the system has occurred. It is the measurement of this quantity, therefore, which will provide a true test of the bulk chemical composition which has been put forward in this paper.
Postscript
Since the time of presentation of this paper to the 26' ft Annual Meeting of the ASA in July 1992 (see also Prentice 1992) , the Hubble Space Telescope (HST) measurements of the masses and densities of Pluto and Charon were announced in October 1992 (Null et al. 1992) . Null et al. solved for the individual masses of Pluto and Charon and then used the satellite radii, derived by Tholen and Buie (1990) from the mutual occupation data, to obtain the mean densities p of 2.1 g/cm 3 and 1.4 g/cm 3 , respectively. Their most recent analysis yields p PL = 2.13 ± 0.04 g/cm 3 and /> Ch = 1.30 ± 0.23 g/cm 3 (G.W. Null, private communication, 1992) . Clearly neither of the HST measurements agrees with the values predicted in this paper: Pluto's mean density is higher than expected and Charon's is much lower. Null et al. constrained their estimate of the system mean density to equal the value 2.029 g/cm 3 found by Tholen and Buie. So this quantity, at least, remains consistent with the value of 2.012 ± 0.020 g/cm 3 predicted by the MLT.
The HST data indicate that Pluto and Charon are very dissimilar in composition. Pluto contains more heavy material (presumably rock and graphite) than the mix proposed above, while Charon contains a much larger proportion of icy materials. What has happened? Can these results still be explained, if not predicted, by the MLT?
Consider first Charon. If this body were to consist solely of water ice, its mean density would be just 0.98 g/cm, assuming a mean surface temperature of 40 K. Clearly such a compositional interpretation is incorrect. Suppose now
